Background. In order to reduce the mortality risk of aneurysm rupture, a timely diagnosis and treatment are vital. There are different reasons for aneurysm, such as hypertension, arteriosclerosis, and heredity. An efficient and cost-effective method to study the generation, development, and rupture of aneurysm and also analysis of treatment methods can accelerate progress. The Computational Fluid Dynamics is a well-known tool to simulate various phenomena. A reliable virtual modeling in biology depends on our knowledge about variety of characteristics, that is, biological features, structural properties, and flow conditions. Objective. Because of the vast research about the related subjects, an organized review is required. The aim of current review article is classification of the required foundations for a reliable virtual modeling of cerebral aneurysm, especially in the Circle of Willis.
Introduction
Up to 50% cases of Subarachnoid Hemorrhage (SAH) result in fatality and 10%-15% lead to death before reaching a hospital [1] . Rupture of cerebral aneurysm is a well-known cause of SAH. The most prevalent location of cerebral aneurysm is Circle of Willis (CoW). Different factors can increase the risk of aneurysm generation and development, for instance aging, arteriosclerosis, and heredity. In addition, the characteristics of blood flow can exacerbate the problem. Thus it is required to gather various clinical and engineering aspects to reach an actual understanding of the nature of aneurysm.
An efficient and cost-effective way to modeling natural phenomena is numerical simulation. Increasing power of computing causes numerical simulation that plays a key role in recognition of various problems in engineering and medicine. The important point is the reliability of obtained results and the meaningful results of a numerical simulation that depend on variety of aspects.
The classification of related subjects to numerical simulation is a valuable step. Because of the complexity of blood supply system in the brain and also long-time history of related research, it is necessary to review these studies. Two main groups are considered here: (1) fluid and structure and (2) flow and simulation. The tree of this classification is shown in Figure 1 .
In fluid and structure section, there are three subcategories: blood properties, vessel properties, and cerebrovascular features. On the other side, the flow and simulation is divided to three subcategories: geometry and computational domain, numerical approaches, and flow regime features. The CoW is a collection of major vessels connected together and located at the bottom of the cerebral cavity and it is a common place for aneurysm [2] . The CoW combines the blood flow from the incoming afferent vessels and also transfers from a hemisphere to another [3] . The responsibility of CoW is compensating reduction of cerebral perfusion pressure, for example, when complete occlusion occurs in the internal carotid artery [4] . Some important physiological properties of CoW's vessels are presented in Table 1 .
It was evident that the risk of transient ischemic attack is lower in the patients with healthy collateral circulations [5] . Approximately, at least 40%-50% of the people are confronted with the CoW's anomalies. The anomalies can be classified in three cases: lack of some vessels, asymmetric, and different diameter of similar vessels.
The variations of CoW usually affect more than one segment. Papantchev et al. studied six types of common variations and their effects [6] . In order to know the condition of abnormality in Iranian population, 102 Iranian males were examined and classified in to the 22 common types of anomalies [7] . Because of the importance of CoW's anomalies, similar studies were performed in different countries. The data of 250 Egyptian patients showed that 68.3% and 38.3% of CoW consisted of complete anterior and complete posterior parts, respectively [8] .
Required Data for Computation
The vessels of human are classified in three groups by size: arteries, veins, and capillaries. The artery and vein consist of three and two layers, respectively. The three layers are Tunica media, Tunica intima, and Tunica adventitia. Furthermore, the muscle layer in vein is considerably thinner than the artery's muscle layer [9] .
Entire circulatory system is coated by endothelial cells. Low wall shear stress (less than 0.4 Pa) causes the proliferation of endothelial cells and also atherosclerosis. On the other side, high wall shear stress (more than 1.5 Pa) causes the reorientation of endothelial cells in the flow direction [10] . Some characteristics of vessels within the adult body are shown in Table 2 . These data are important in computational domain generation. The complete data about other vessels and the variations are collected in the anatomy atlas [11] . The arterial bifurcation and atherosclerotic plaque can increase an abnormal shear stress on endothelium. The local arterial aggregate Young's Modulus of Elasticity decreases and subsequently causes an initial ballooning [12] .
Obviously, the blood properties are required to simulate flow in arteries. The average adult has about 4 to 5 liters of blood. The red blood cells constitute about 45% of the volume of blood, and the remaining cells (white blood cells and platelets) less than 1%. The fluid part of blood is called plasma and is about 55% [13] .
The Reynolds number is an important flow criterion to identify the flow regime, that is, laminar or turbulent. Generally, the Reynolds number is the ratio of inertial forces to viscous forces. The Reynolds number is a dimensionless parameter
where , , ref , and are density, velocity, reference length, and viscosity, respectively. The reference length is a characteristic of geometry, for example, the vessel's diameter. The Reynolds number in most of the vessels is lower than 500, just in Aorta and Vena cave it is about 3400. Thus, the blood flow is considered as laminar flow. However, under some conditions, for example, stenosis, the blood flow becomes turbulent in large diameter vessels, such as aorta [14] . If the Reynolds number is lower than the critical Reynolds, the flow is simulated as a laminar flow. The problem is finding the critical Reynolds number. In some cases the flow condition is on the border of turbulence and proper turbulent model is required [15] . The energy of blood flow decreases as a result of turbulence. Then the heart should add more energy to the blood flow. In addition, turbulence increases the perfusion pressure and also the required energy to overcome the additional resistance. In the microcirculation, including the arterioles, the linear relation between perfusion pressure and flow is
where , V , , and are arterial pressure, venous pressure, flow rate, and peripheral resistance. The elasticity of the arterial network maintains high levels of perfusion pressure without overloading the heart, which is called the windkessel Journal of Computational Medicine 3 effect. The elastic function helps perfusion during diastole and generates the wave propagation [16] . The other main feature of fluid is viscosity. In the non-Newtonian fluid, there is a nonlinear relation between shear stress and shear rate. The non-Newtonian fluids are classified into the shear thinning and shear thickening. In shear thinning, increasing shear rate reduces the viscosity, and in shear thickening it is vice versa.
The human blood is considered as Newtonian fluid for all rates of shear when hematocrits are up to 12 percent. When the size of particles is significantly large in comparison with the channel's dimension, the fluid behaves like non-Newtonian fluid [9] .
Consequently, in the large vessels such as arteries the blood is Newtonian, but in small vessels such as capillary, it is considered as non-Newtonian fluid. The effect of vessel's diameter on the viscosity is called Fahraeus-Lindqvist. As the diameter decreases (between 10 and 300 micrometers), the blood viscosity is reduced, because of the motion of erythrocytes in the center of the vessel and leaving plasma near the wall. A comprehensive study on different viscosity models of blood was performed by Yilmaz and Gundogdu. The models are classified into two groups including time independent and time dependent flow behavior models [17] . The impact of viscosity models on the simulation of aneurysm is studied by Evju et al. [18] . It has been shown that the nonlinear viscosity model can be important in some cases of aneurysm.
The shear forces due to the viscosity rises the pressure drop in network of vessels. Generally, the Hagen-Poiseuille equation is used to compute pressure drop of a laminar and incompressible flow in long cylindrical pipe:
where , , and are pipe's length, volumetric flow rate, and pipe's radius, respectively. The Hagen-Poiseuille equation is just used for a Newtonian fluid. In capillary vessel, the crosssection can be divided into two regions including a core and a cell-free plasma region near the wall. So, if the plasma layer thickness is , then
where , , , and are velocity and viscosity in core and cell-free regions, respectively. Some assumptions are required to use these equations including no slip condition, zerogradient in the center of vessel, and continuous velocity and shear stress at the regions' interface.
If an oscillating pressure gradient exists in the flow field, the velocity profile is a parabolic and proportional to the instantaneous flow rate and also the flow field is unsteady. Actually, in in vivo blood, the flow is affected by a pulsatile source. The inertia of the fluid in the central core prevents the core from following the applied gradient of pressure [19] . A dimensionless number, which is called Womersley, relates the frequency of unsteady pulsatile flow to viscous effect, in order to keep dynamic similarity in experimental scaling. The Womersley number implies how much of the vessel is affected by boundary layer, as follows:
where is the angular frequency of the oscillation, that is, the frequency of the heart rate [19] . Small Womersley number ( ≤ 1) means the low frequency of pulsation. Therefore, parabolic profile of velocity is generated in each cycle and also Poiseuille's law is a good approximation [20] . On the other side, large number (10 ≤ ) means flat velocity profile, and the mean flow delays the pressure gradient by 90 ∘ [21] . Another important property of blood is density. Same as viscosity, not only the amount of density is not fixed for all cases, but also it is function of different variables, such as The pressure gradient affording blood flow to the brain is called the Cerebral Perfusion Pressure (CPP). The variation of CPP is limited, because it can cause brain tissue to become ischemic, or rising Intracranial Pressure (ICP) [23] . The CPP is related to the cerebral blood flow (CBF) by the CerebroVascular Resistance (CVR) as follows:
The autoregulation is a significant ability of human body to regulate the proper perfusion pressure for sensitive and vital organs. The brain arteries can respond to the perfusion pressure change by vasodilate or vasoconstrict, which is called autoregulation.
The autoregulation mechanism consists of two features, the autoregulation curve and the autoregulation dynamics [24] . In the autoregulation curve, the autoregulated range of pressure is approximately 75-175 mmHg and the overall steady-state blood flow rate is a function of mean arterial blood pressure:
where ss , [O 2 ] , , , and V are the steady-state blood flow rate, arterial oxygen concentration, metabolic rate, arterial pressure, and venous pressure, respectively. The and 0 are two parameters to fit the autoregulation curve. The upper and lower limits of the permeability are related to the arterial pressures limits of the autoregulated range. Therefore, the autoregulation dynamics are modeled using permeability ( ) as follows:
where is time-varying flow rate and , , and are time constant, proportional, and integral gains, which are considered as 3, 70, and 0.1, respectively [24] .
Simulation and Modeling Methods
The cerebral blood flow is a complex system, and CoW is just one of the important parts. Therefore, the systematic analysis is necessary for recognizing the functionality of CoW in this dynamic system. From the numerical modeling view point, there are three models of arterial blood flow [16] . 3.3. Three-Dimensional (3D) Models. In order to simulate accurately a segment of arterial tree, more comprehensive 3D model is required. Computational Fluid Dynamic (CFD) is a powerful tool to simulate complex flow field. The 0D and 1D modeling can reveal some useful and practical aspects about a real complex system. In order to investigate a phenomenon in detail, more accurate and applicable methods are required.
If whole system of cerebral vessels is simulated by an accurate three-dimensional approach, the computational cost is beyond the power of current computing devices. The studies based on CFD are classified into three: the development, progression, and rupture of cerebral aneurysms [27] . The experiences show that image-based CFD is a capable facility to study interaction between hemodynamic loading and mechanobiological wall responses. Combination of above methods can help improve prediction of complex problems. Quarteroni and Veneziani coupled 3D modeling of blood flow with a systemic, zerodimensional, lumped model of circulation [28] . Beulen et al. derived boundary conditions in the first period from a onedimensional wave propagation model and the initial pressure distribution [29] .
One of the earliest studies about the mathematical model of saccular aneurysm in CoW was performed by Austin in 1971 [30] . The intracranial aneurysm was simulated using electrical circuit and also Duffing equation. He studied on the modeling of the effect of flow frequencies range on the flow condition in saccular aneurysm. This study was extended by Cronin to show the importance of pulsatile pressure in the danger of aneurysm rupture [31] .
Cassot et al. developed a mathematical model to simulate the CoW flow and predict the effectiveness of anterior and posterior communicating arteries on the brain blood pressure [32] . This model was based on a linear function of the mean blood flow in 10 bifurcations in CoW and the difference of the pressures at the extremities of these nodes. After a decade, Lorthois et al. presented the modified and advanced 1D nonlinear model using complex rheological properties of blood flow (such as and hematocrit distributions) in microcirculation [33, 34] .
The equations of 1D models are based on the governing equations of flow motion. The laminar flow in arteries is same as steady and fully developed Poiseuille flow, therefore, the axial pressure gradient is computed as [35] = − 8 .
In order to make conservation form, the equations are coupled in a system of equations as
] .
(10)
There are three variables in this system of equations, and an additional equation is needed to solve them. The third equation describes the relation between variation of artery's area and pressure (i.e., fluid-structure interaction). Therefore, the Laplace law for thin and homogenous elastic artery's wall is used to make this equation as follows:
where 0 and ℎ 0 are the artery's area and wall thickness at the reference state. In addition, and are Poisson's ratio and Young's Modulus.
The one-dimensional model can be deduced from the wave propagation relation. The average speed of blood in vessels is 0.5 m/s, but the wave speed is 5 m/s. The blood pressure and flow pulsations are considered as the wave propagation in the arterial network, which consist of information about the cardiovascular system [16] .
An important factor in the instantaneous vessel's area is pressure difference between two sides of a vessel's wall, which is called transmural pressure ( tr ). There is a nonlinear and frequency relation between the transmural pressure and the area of the vessel, which is caused by complex nonlinearity and viscoelasticity of the arterial wall. The wave propagation speed of blood was introduced by Young as
where is local area compliance. This equation is derived from simplified Newton's second law of motion and it is called Moens-Korteweg equation model. Generally, the characteristic lines are defined in hyperbolic equations and they determine the behavior of solutions using invariant quantities along certain trajectories. The conservative form of hyperbolic system of equations appears as [35] 
The speed of waves from the heart (forward) is + and also towards the heart (backward) is − . The forwardrunning wave is generated by the contraction of the heart 6 Journal of Computational Medicine and moves through the arterial network. When there is a variation in vessel properties, such as branch, the wave is reflected and moves back towards the heart. Therefore, there is a combination of forward-and backward-running waves.
In order to solve this system, the boundary conditions are required. The boundary conditions are reflecting and nonreflecting. In nonreflecting boundary conditions, the forward and backward waves are used at the inlet and outlet boundaries, respectively. Thus, the information from inside and outside of the domain are combined.
It should be noted that there are some difficulties in solution, such as discontinuity. A discontinuity is considered as a sudden jump; for example, stent or in a more prevalent case it is a vessel branching.
In the brain, aneurysms are often located at the lateral sides of curved vessels and at the bifurcations. The ruptured aneurysm is a common reason of death and also the surgery of aneurysm is high risk. Therefore, the recognition of different related subjects can improve the prediction of its behaviors. Different scientists studied the subjects, such as the reasons of aneurysm, the growth trend, and the effective factors. The effect of hemodynamic factors on the initiation, growth, and rupture of aneurysms is shown in different studies [36] [37] [38] [39] . Furthermore, it is observed that the CFD-based prediction of aneurysm rupture is gradually becoming more confident and reliable [40] . Furthermore, the interaction between blood and vessel's wall play crucial role to simulate semireal pattern of fluid flow. The pressure and also blood velocity in large arteries are affected by the vessel deformability. The fluid-solid interaction (FSI) methods are used to predict this interaction. In simulation of a real situation, if the wall tension exceeds the wall tissue strength, the rupture of tissue should occur [41] . Furthermore, accuracy of modeling the arterial endothelial dysfunction plays an important role in prediction of long term vessel deformation [42] .
Generally, there are some common points in FSI methods:
(1) generated loads on the structure by fluid,
(2) response of structure and impacts on the flow field, Based on significant development in computational fluid approaches and FSI methods and also advanced software to generate complex computational domain from in vivo medical imaging, the prediction of aneurysm behavior become more accurate and reliable [15, 43, 44] . Figueroa et al. developed a method in order to simulate blood flow in deformable models of arteries. They coupled the equations of the deformation of the vessel wall as a boundary condition for the fluid zone [45] .
One of the first successful attempts to use FSI in predicting the abdominal aortic aneurysm was performed by Di Martino et al. [46] . The risk of rupture is a function of transversal diameter, that is, the maximum safe crosssectional area of aneurysm. The aneurysm is usually asymmetric; therefore, the simple method, such as Laplace law is not an appropriate solution of this question. An accurate 3D FSI simulation can predict correct relation between the growth rate of aneurysm and flow conditions. Li and Kleinstreuer used FSI simulation to investigate the geometry variations of abdominal aortic aneurysm, such as degree of asymmetry, neck angle, and bifurcation angle [47] .
The functionalities and anomalies of CoW are studied using CFD tools [48] [49] [50] [51] . Alnaes et al. developed a 3D simulation of CoW to study the impact of variations in vessel radii and bifurcation angles on wall shear stress and pressure on vessel walls [52] . It is shown that the rigid vascular wall is a good assumption for smaller vessels but not for larger arteries. In the CoW, this approximation could overestimate wall shear stress but probably not influence its spatial distribution.
Kim simulated the flow condition of CoW in two cases, including absence of left PCoA and absence of ACoA. It was shown that the autoregulation mechanism is strongly affected by the communicating arteries, PCoA and ACoA [53] . Long et al. studied on the CoW functionalities and abilities to supply blood in patients with unilateral carotid arterial stenosis. They selected four CoW configurations with an axisymmetric stenosis in an internal carotid artery (ICA) and also different boundary conditions [51] .
In spite of these significant abilities, there are some difficulties to reach accurate and applicable predictions:
(1) geometry generation according to the real situation, The most important subject in geometry generation is similarity with the physical domain. The simplest numerical form of aneurysm is a spherical and symmetric sac. But the actual geometry of aneurysms is irregular. Some software can generate real geometry from X-ray scans. For example, the mimiced software can produce actual geometry of organs from MRI of CT-scan files [54]. These tools can help reduce significantly the time of preprocessing and also improve the final results.
After the geometry and grid generation, the initial and boundary conditions are required. Generally, the boundary value problem is a differential equation with boundary conditions. The boundary conditions cause unique solution for problem, which is called well-posed problem. In addition, the relation between computational domain and outer regions is established with boundary condition. The boundary condition types are inlet, outlet, wall, symmetry, and periodic. Another important factor is initial condition, which specifies the condition of domain at the beginning.
The main step is selecting an appropriate numerical solver. As mentioned before, there are two regimes of flow, that is, laminar and turbulent. In laminar flow, the layers are parallel without any disruption, lateral mixing, and Journal of Computational Medicine 7 eddies [55] . Therefore, the discretized governing equation, that is, continuity, momentum, and energy, can be computed in coarse grid.
On the other hand, the turbulent flow is completely a complex regime with disruption, lateral mixing, and eddies. The implementation of discretized governing equation in turbulent flow needs very fine grid, and so unacceptable computational cost. This method is called Direct Numerical Simulation (DNS). DNS is not an applicable method in real situation. Alternatively, some simplified methods were developed in order to model the turbulent flow and reduce considerably the computational cost, such as Reynolds-Averaged Navier-Stokes (RANS). The comprehensive description of different methods of turbulent flow simulation is presented by Andersson et al. [56] .
Discussion
The critical point in virtual simulation is the accuracy of prediction and consistency with the reality. The accuracy depends on the variety of factors. In the current paper, the important related subjects are reviewed in a classified manner. Although, different 1D and 3D simulations of CoW and cerebral aneurysm were carried out, many questions have been left. Some of important objectives of future studies are listed here.
(1) The cerebral perfusion is a vital subject and it is a function of flow rate and pressure. The amount of flow rate is known in normal condition and also the effect of some anomalies on flow rate was studied by 1D simulation [25] . However, the effect of anomalies and also 3D complexity is not completely obvious.
(2) The 0D or 1D modeling can help generate boundary conditions for 3D simulation. In addition, the 3D simulation can help improve the 1D modeling. As a result, 0D or 1D models and 3D simulation can have an effect on each other, simultaneously. It means that the local 3D simulation, that is, CoW, and global modeling, that is, cerebral blood system, should perform in a coupled condition. Regarding anomalies influence on the functionalities of CoW and also whole cerebral blood supply system, what is the relation between anomalies and cerebral blood supply?
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